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SUMMARY 
The generation of simulated sonic boom by mechanical 1: bur sting 
a pressurized diaphragm in a shock tube and expanding through an 
acoustic horn is described. 
An analysis of the expansion tube phenomena is presented, the 
characteristics of the various wave and wave interactions in the 
tube-horn combination are established and projected in an x-t 
diagram. Mathematical expressions for these characteristic wave 
motions are computed for the expansion tube. 
The simulator, installed on a trailer, consists of two shock tube 
driver sections, each 12 feet long coupled to an exponential 
horn with a mouth diameter of 13 feet and a lower cutoff frequency 
Of 50 Hz. A variable time delay circuit provides a controllable 
period between the bursting of the two diaphragms. 
The simulator can generate double blast waves with a maximum peak 
pressure of 27 psf (156 dB Ref. 2 x dynes/m2) at 10 feet 
from the horn (on axis) using static pressure of 30 psig. The 
=eorL durstion is - - - - : - ~ i -  V U L I U U L b L A V A . ,  ...- in tc ~ ; Q Q  m S ~ c -  
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The performance of the s imula tor  was evaluated a t  Edwards 
A i r  Force B a s e  by NASA personnel .  Subjec t ive  d a t a  w e r e  obtained 
f o r  q u a n t i t a t i v e  eva lua t ion .  S t r u c t u r a l  response measurements 
on t w o  instrumented houses w e r e  a l s o  c o l l e c t e d .  Data showing 
the shape of t h e  b l a s t  wave p res su re  s i g n a t u r e s ,  t h e  r a d i a t i o n  
pattern on the ground, and b l a s t  wave p res su re  a s  a func t ion  of 
d i s t ance  from t h e  s imula tor  a r e  presented.  
INTRODUCTION 
T h e  phenomenon of s o n i c  boom genera t ion  by h igh  speed a i r c r a f t  
h a s  commanded cons iderable  i n v e s t i g a t i o n  and h a s  r e s u l t e d  i n  
ex tens ive  f l i g h t  t e s t i n g  t o  o b t a i n  t h e  necessary da t a .  T h i s  
procedure i s  both  c o s t l y  and t i m e  consuming, r e q u i r i n g  t h e  co- 
o rd ina t ion  of a l a r g e  s t a f f .  The na tu re  of the son ic  boom 
problem i s  presented by  Magliere and Carlson (Ref. 1) w h e r e  t h e  
wave p a t t e r n  i s  descr ibed  and explained i n  terms of the p res su re  
d i s t r i b u t i o n s  t o  an observer  on the ground. As discussed  i n  t h e  
re ference ,  t h e  e a r  response i s  s e n s i t i v e  only  t o  the two shock 
f r o n t s  and not  t o  t h e  slowly changing p r e s s u r e  between them. 
I t  was, t h e r e f o r e ,  p red ic t ed  t h a t  i f  two shock f r o n t s  w e r e  
generated by convent ional  shock tubes  wi th  a v a r i a b l e  t i m e  delay 
between b l a s t s ,  a s imulated s o n i c  boom s u i t a b l e  f o r  s u b j e c t i v e  
eva lua t ion  would r e s u l t .  
T h e  b l a s t  waves emanating f r o m  t h e  t w o  shock t u b e s  would be 
expanded through a l a r g e  horn  t o  reduce the p r e s s u r e s  and improve 
l o w  frequency propagation. 
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The effects of subjective evaluation of sonic booms by artificial 
means were investigated by Zepler and Hare1 (Ref. 2). That study 
describes the use of a pressure transducer in the form of an ear- 
phone to generate the N-wave response. The effects of loudness 
versus rise time were investigated indicating that loudness is 
determined by the two pressure pulses while frequencies below 
50 Hz are not important in the subjective analysis. 
The need for a method of generating a simulated sonic boom-was 
a l so  indicated by the continued demand to study the reaction of 
community response to sonic booms and to investigate effects on 
the integrity of structures. 
The advantages of the sonic boom simulating apparatus are evident 
by the relative simplicity of its operation, transportability, 
low cost of operation, and the ability to obtain variable inten- 
sities and time delays in the generation of sonic booms. 
This report presents characteristics of the shock-expansion tube, 
i.e., the combination of a shock tube with an acoustic horn, and 
a description of the application of the device, which is designed 
to generate two weak shock waves and to serve as a controllable 
source of sonic booms. 
CHARACTERISTICS OF THE SHOCK-EXPANSION TUBE 
Acoustic pressure transients can be generated by the process of 
mechanically bursting a pressurized diaphragm as is accomplished 
by the shock tube technique. These pressure transients have 
p ~ t e ~ t i a l  a p p l i C G . t i u r l s  ~ssuciaied ~i t l -1  s i u d i e s  G I ~  p l i y ~ i u l ~ y i ~ ~ l  
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and structural response to sonic boom pressures. The generation 
of transients having pressure amplitudes approaching those of 
sonic boom phenomena cannot be accomplished by direct applica- 
tion of conventional shock tube procedures. However, by coupling 
the shock tube with an acoustic horn, it has been possible to 
generate weak wave fronts with #'jump pressures" more closely 
approximating those associated with sonic boom phenomena (i. e., 
of the order of 10 psf).* The horn is also necessary to provide 
for more efficient propagation and directional response of--the 
generated shock front. Experiments have been performed to 
establish the validity of the analytical procedures. 
of these experiments is presented in the following section. 
A discussion 
Analysis of The Expansion Tube, 
The x-t Plane 
The expansion tube system, or shock tube-acoustic horn combina- 
tion, is designed to operate by pressurizing a diaphragm with a 
gas and then bursting the stretched material by piercing. The 
experimental apparatus is shown in Figure 1. The mechanics 
of this process are summarized in the characteristics diagram 
of Figure 2. This diagram illustrates the various waves and 
wave interactions which occur in the shock tube-horn combination. 
The location of a wave at a given time after the diaphragm was 
burst is depicted by the various characteristics in the x-t plane. 
The projection of wave motion on this plane is readily accomplishec 
since predictable wave velocities are graphically represented by 
* Considerable work has been reported in the area of strong shock 
system development by application of the expansion or shock 
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the slope of a line shown in the x-t diagram. Mathematical 
expressions for each characteristic of interest have been 
established by I. I. Glass (Ref. 4) and G. B. Whitham (Ref. 5). 
These expressions have been summarized in Figure 3 and outlined 
in detail in Appendix I. 
The above mentioned wave characteristics have been computed 
by Glass for the shock tube application over a broad range of 
shock strengths. These computations have been expanded (Ref. 6) 
to include weak shock.associated with the tube-horn combination. 
A description of weak shock behavior and computations for shock 
strength in the range of a few pounds/foot2 are also presented 
in Reference 6. 
The analytical method discussed by Whitham must be used in 
calculating the expansion through an acoustic horn in order to 
predict the wave characteristics in this region. Again, the 
pertinent analytical expressions are shown in Figure 3 and 
Appendix I. Computations have been made for wave motion in 
this expansion region at incremental changes of acoustic horn 
area. The strength or pressure of the primary wave is predicted 
from the wave speed by 
From the shock wave equations (Appendix I), it may be shown that 
7 
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This r e l a t i o n  i s  u t i l i z e d  i n  t h e  ex t r apo la t ion  of t h e  curves of 
Figure 1, (Appendix I ) ,  t o  very weak waves. 
For t h e  same l i m i t i n g  case,  Whitham’s s o l u t i o n  f o r  t h e  expansion 
region (Ref. 5) reduces t o  
where K = 0.5 fo r  weak shocks. 
For an exponent ia l  horn,  An/A, =e2x4 and by use of t h e  r e l a t i o n  
t h e  p re s su re  a t  a x i a l  d i s t ance ,  x, from t h e  horn mouth becomes 
where N 
P 2 - n a  [ ~ 2 1 - n - l ]  
which i s  compatible with t h e  equivalent  r e s u l t  from l i n e a r  
a c o u s t i c s  and has  been u t i l i z e d  i n  the prepara t ion  of Figure 8. 
Computation of the Parameters 
of t h e  Expansion Tube 
9 
shock-expansion t u b e  system. The information h a s  a l s o  been 
presented i n  the form of graphs i n  F igures  1 through 5 of 
Appendix I ,  Complete x-t  diagrams can be obtained us ing  the 
t abu la t ed  and char ted  computations. 
DESCRIPTION O F  THE SIMULATOR 
The s imulator  system c o n s i s t s  of two shock t u b e  d r i v e r  s e c t i o n s  
of 12-foot l eng ths  coupled i n t o  an exponent ia l  horn having- a 
13-foot diameter and 13-foot length.  I ts  l o w e r  cu to f f  f r e -  
quency is  50 Hz .  Cellophane diaphragms sepa ra t ing  the two 
pressur ized  d r i v e r  sections from t h e  horn a r e  punctured by u s e  
of t w o  e lec t romagnet ica l ly  d r iven  plungers .  A v a r i a b l e  e l e c t r o n i c  
time delay c i r c u i t  provides  a c o n t r o l l a b l e  per iod  be tween  t h e  
b u r s t i n g  of t h e  two diaphragms t h u s  providing a v a r i a b l e  du ra t ion  
b e t w e e n  the two b l a s t s  of the s imulated son ic  boom. 
F i g u r e  4 i s  a photograph showing the complete s imula tor  mounted 
on a t r a i l e r .  The e s s e n t i a l  components a r e  t h e  two d r i v e r  tube  
sections, the horn, and t h e  e l e c t r o n i c  and pneumatic c o n t r o l  
console. Storage t anks  conta in ing  n i t rogen  used t o  p r e s s u r i z e  
t h e  d r i v e r  tube  s e c t i o n s  a r e  v i s i b l e  near  the console .  T h e  i n s i d e  
of each d r i v e r  t u b e  i s  l i n e d  wi th  f e l t  t o  a t t e n u a t e  t h e  waves 
r e f l e c t e d  from t h e  end p l a t e  of t h e  d r i v e r  tube .  
The diaphragm punctur ing dev ices  o r  p lungers  a r e  mounted concen- 
t r i c a l l y  i n s i d e  each d r i v e r  t ube  behind t h e  diaphragm a s  shown 
i n  F i g u r e s  5 and 6.  The e l ec t r i c  power r equ i r ed  t o  ope ra t e  the 
Plunger c o n s i s t s  of a 60 Hz p u l s e  of approximately 100 m s  d u r a t i o n  


























f r o m  the  e l e c t r o n i c  d r i v e r  loca ted  i n s i d e  the console.  T h e  
dura t ion  of t h e  boom i s  v a r i a b l e  from 10 t o  600 msec. The 
required s t a t i c  p re s su re  i n  t h e  d r i v e r  tube can be ad jus t ed  
from 5 t o  50 p s i  us ing  compressed a i r  o r  n i t rogen .  
The s imulator  genera tes  p re s su re  amplitudes which a r e  of the 
same magnitude a s  those  received from a supersonic  a i r c r a f t .  
A block diagram of t h e  pneumatic and e l e c t r o n i c  ins t rumenta t ion  
i n  t h e  console i s  shown i n  Figure 7.  
SPECTRAL ANALYSIS OF GENERATED WAVES 
A determinat ion of the frequency content  or s p e c t r a l  a n a l y s i s  
of the waves generated can be der ived  from t h e  p re s su re  t i m e  
h i s t o r y  by approximating the s i g n a t u r e  a s  an exponent ia l  b l a s t  
wave of t h e  form 
+ 
A genera l ized  t ransform can be made t o  e s t a b l i s h  the frequency 
content of t h i s  t r a n s i e n t  a s  shown i n  F igure  8. Experimentation 
h a s  been conducted t o  v e r i f y  the accuracy of t h e  b l a s t  wave 
assumption (Ref. 7 )  . 
Due t o  t h e  nonl inear  na tu re  of t h e  problem, it i s  a n t i c i p a t e d  t h a t  
t h e  frequency content  changes a s  a func t ion  of  d i s t a n c e  from t h e  
b l a s t  tube ,  and only approximates an exponent ia l  b l a s t  wave wi th  


























A v a r i e t y  of p r e s s u r e  s i g n a l s  can be generated using t h i s  b a s i c  
system. For example, Figure 9 i n d i c a t e s  the p res su re  t i m e  
h i s t o r y  a t  a p o s i t i o n  i n  f r o n t  of t h e  exponent ia l  horn. I t  i s  
p o s s i b l e  t o  vary the amplitude of each boom by s u i t a b l e  ad jus t -  
ment of t h e  i n i t i a l  s t a t i c  pressure  i n  t h e  d r i v e r  t u b e s .  T e s t s  
have ind ica t ed ,  by  measurements taken a t  l a t e r a l  o r  o f f - ax i s  
p o s i t i o n s  of the horn,  t h a t  some con t ro l  of a v a r i a t i o n  of t h e  
rise t i m e  i s  achieved i n  this  manner. Depending on t h e  loca t ion ,  
p re s su res  above 25  psf  have been achieved over a rather l a r g e  
a r e a  around the e x i t  of the horn. 
The p res su re  s i g n a t u r e s  i n  F i g u r e  9 c l o s e l y  approximates the 
s u b j e c t i v e  r e a c t i o n  t o  son ic  boom phenomena of Reference 2. 
Analog s imula t ion  was performed i n  our l abora to ry  i n  order t o  
e s t a b l i s h  t h e  t r a n s f e r  func t ion  required t o  provide t h i s  wave 
s i g n a t u r e  f r o m  a perfect N-wave t r a n s i e n t .  F i g u r e  10 i n d i c a t e s  
the r e s u l t  of t h i s  experiment. The inpu t  wave s igna tu re  was an 
i d e a l  N-wave which transformed t o  a t r a n s i e n t  very s i m i l a r  t o  
t h a t  shown i n  F igure  9 by i n s e r t i n g  a high pass  f i l t e r  designed 
w i t h  a lower cut-off frequency of  approximately 35 H z .  
TEST DATA 
The s imula tor  was t r anspor t ed  t o  Edwards A i r  Force Base t o  
e v a l u a t e  the e f f e c t i v e n e s s  of t h e  apparatus .  Two t ypes  of t e s t s  
w e r e  conducted by NASA personnel using the s imulator .  
1. Sub jec t ive  d a t a  of a q u a l i t a t i v e  na tu re  w e r e  obtained 
u s i n g  personnel  f a m i l i a r  w i t h  a c t u a l  sonic  booms 
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2. Data w e r e  obtained using t h e  s imulator  on two i n s t r u -  
mented houses b u i l t  f o r  t h e  purpose of c o l l e c t i n g  
information on s t r u c t u r a l  response t o  s o n i c  booms. 
The types  of d a t a  obtained included a c o u s t i c  impinge- 
ment, s t r a i n  and v i b r a t i o n  on s t r u c t u r a l  elements,  
and p res su res  i n  va r ious  p a r t s  of t h e  t w o  s t r u c t u r e s .  
Overpressures o r  b l a s t  amplitudes t h a t  can be generated with t h e  
s imulator  a r e  shown i n  Figure 11. The on-axis overpressure  i n  
psf  i s  shown a t  a number of d i s t a n c e s  from t h e  mouth of t h e  
horn f o r  d r i v e r  p re s su res  ( s t a t i c  p re s su re  i n  t h e  d r i v e r  tubes)  
from 5 t o  30 ps ig .  A maximum peak pressure  of 27.4 psf  (156 dB 
r e f .  0.0002 dyne/cm2) a t  10 f e e t  d i s t a n t  was demonstrated f o r  a 
d r i v e r  p re s su re  of 30 p s i g ;  while  a t  100 f e e t  d i s t a n t ,  a p re s su re  
of 5.4 psf  was recorded. The microphones used w e r e  placed 
approximately 6 inches above t h e  ground level and w e r e  shock 
mounted. 
From t h e  d a t a ,  a contour of t h e  sound p res su re  r a d i a t i o n  from t h e  
mouth of t h e  horn i s  p l o t t e d  i n  Figure 1 2 .  A number of equal  
pressure  contours i n  psf a r e  shown a s  a func t ion  of l a t e r a l  
d i s t ance  from t h e  horn for  a cons t an t  d r i v e r  p r e s s u r e  of 10 ps ig .  
Typical near  f i e l d  p re s su re  s i g n a t u r e s  a s  measured 100 f e e t  
from t h e  mouth of t h e  horn a r e  shown on t h e  o s c i l l o g r a p h  r eco rds  
of Figure 1 3  f o r  two l a t e r a l  p o s i t i o n s  near  the ground, Over- 
p re s su res  of approximately 0.90 psf  w e r e  measured a t  a l a t e r a l  
d i s t ance  of 15  f e e t ,  whi le  a t  a l a t e r a l  d i s t a n c e  of 75 f e e t ,  t h e  
overpressure w a s  i n  t h e  o r d e r  of  0 .25  p s f .  F i g u r e  14 i s  a photo- 
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boom t es t  a rea  of Edwards A i r  Force Base. 
The above da ta  a r e  presented he re  t o  i n d i c a t e  t h e  type and 
approximate magnitude of pressure  pu l ses  encountered w i t h i n  
t h e  immediate a rea  of t h e  horn. 
The simulator  i s  c u r r e n t l y  be ing  employed i n  environmental 
tests be ing  conducted by t h e  Department of Agricul ture  f o r  
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The fundamental shock/expansion flow c h a r a c t e r i s t i c s  a r e  
summarized i n  t h e  following ma te r i a l .  
I n i t i a l  d r iver -dr iven  pressure  r a t i o  i s  given i n  terms of 
" s t r eng th ,  'I P2 , , of t h e  primary shock wave* - 2v 
Note t h a t  t h e  gauge d r i v i n g  pressure  i s  r e l a t e d  t o  P,, by 
For t h e  cons tan t  a r ea  po r t ion  of t h e  driven sec t ion ,  t h e  
shock wave Mach number i s  
The l o c a l  flow Mach number immediately behind t h e  shock wave 
( reg ion  2)  i s  expressed by 
TABLE 
NO. 
*Equations given he re  assume i d e n t i c a l  d r i v e r  and dr iven  gases ,  
w i th  t h e  same i n i t i a l  temperature (i. e . ,  TI =Tq , y1 =y4, ... a, =a4 ) . 
For more gene ra l  r e l a t i o n s ,  see Reference 4. 
27 
and t h e  l o c a l  flow Mach numb= behind t h e  contact  sur face  
i s  
The p a r t i c l e  ve loc i ty ,  u2, normalized by a, i s  
r 
The wave speed €or  t h e  t r a i l i n g  edge of t he  r a r e f a c t i o n  wave 
(normalized by a 4 )  i s  given by 
y-l 
and f o r  t h e  leading edge of t h e  r e f l e c t e d  r a r e f a c t i o n  wave, 
y-l 
2Y 
(u3 + a 3 )  = (%-0+1) ( P 2 l p 1 4 )  
1 
a4 
- -   c3 4 + 
The pressure  r a t i o  across  t h e  shock wave on normal r e f l e c t i o n  
from a plane sur face  i s  given by 











- _  
A t  s t a t i o n  n w i th in  t h e  expansion (horn) s e c t i o n ,  t h e  Mach 
number becomes 
Following Whitham's r e s u l t s  ( see  Reference 5) f o r  expansion 
flows, t h e  incremental change i n  Mach number i n  t h e  expansion 
reg ion  i s  
I where 
- - -  AA 
An 
and 
F i n a l l y ,  t h e  expansion r a t i o  a t  s t a t i o n  n i s  
F igures  1 through 5 of t h i s  appendix are g raph ica l  r ep resen ta t ions  
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Area in the expansion region at station n 
Cross-sectional area of the shock tube and 
acoustic horn throat 
Speed of sound in flow region i 
Reflected rarefaction wave leading edge velocity 
Rarefaction wave trailing edge velocity 
Rarefaction wave leading edge velocity 
Incremental change in expansion ratio selected 
for numerical integration 
2 x, (211 + 1 + M-2)] 
v 
(y-1) M2 + 2 
2yM” - (y-1) where p2 = 
Driver section length 
Driven section Mach number of primary shock wave 
Shock wave Mach number in the expansion region at 
station n 
Gauge pressure, lb/ft2 or lb/in2 
Ratio of driven section pressure to driver section 
pressure prior to diaphragm burst 
Ratio of upstream to downstream pressure across 
the primary shock wave 
Ratio of upstream to downstream pressure across 








I x  
X 
Y 
= Ratio of driver gas velocity to ambient sound 
= Local wave speed (relative to the medium) in 
= Mach number of normally reflected shock w a v e  
= Nondimensionalized positior, 
= Axial position in the shock tubehorn combination 
= Ratio of specific heat 
speed in region 1 
region 2 
as measured from the diaphragm location 
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